Interactions mediated by layers of -casein and para--casein have been calculated and compared using the self consistent field (SCF) approach, at pH and electrolyte concentrations found in milk. Our results show the interaction potentials at close separation distances to be repulsive for -casein, while they are attractive for para--casein. We have also studied -casein chains stripped of their sugar moieties and highlighted the important role that the carbohydrate side chains play in the provision of steric forces. The point of transition from a repulsive to an attractive interaction is found to be rather sensitive to the degree of coverage of the surface by the protein chains. At =0.0025 chains per unit monomer area, the value is just over 40%, whereas at =0.0032 this increases to 87%. At the coverage values higher than those we estimate for the surface of casein micelles, no transition is detected and the interactions remain repulsive even when all of -casein has been converted to para--casein, as already shown by Mellema, Leermakers, & de Kruif (1999) . At lower surface coverage values, the interaction potential curves for otherwise uncharged surfaces, covered with para--casein, posses an energy barrier. We have demonstrated that the origin of this energy barrier is electrostatic, with para--casein contributing a net positive charge to the surface.
Introduction
A knowledge of the structure of casein micelle aggregates in milk, and factors that contribute to their stability, are the corner stone of much of our scientific understanding of the processes that underline the manufacturing of some of the most important food products (Cooper, Corredig, & Alexander, 2010; Dalgleish & Corredig, 2012) . These include such commonly encountered everyday foods as cheese (Fox, McSweeney, Cogan, & Guinee, 2004) , yogurt, yogurt based drinks and desserts, and of course treated milk itself. In the last few decades, our insight into the structure of casein micelles has continued to improve as an increasing array of techniques such as atomic force microscopy (Ouanezar, Guyomarc'h, & Bouchoux, 2012) , diffusing wave spectroscopy (Alexander, Rojas-Ochoa, Leser, & Schurtenberger, 2002) , transmission electron and field-emission scanning electron microscopy (Dalgleish, Spagnuolo, & Goff, 2004; Kalab, 1993; Lucey, et al., 1996) , dynamic light scattering (Dalgleish & Hallett, 1995) , small angle X-ray and neutron spectroscopy (de Kruif, Huppertz, Urban, & Petukhov, 2012) , NMR (Bak, Rasmussen, Petersen, & Nielsen, 2001 ) and acoustic and electroacoustic spectroscopy (Gulseren, Alexander, & Corredig, 2010) , have all been applied to probe the behaviour of casein micelles ever more deeply. Not surprisingly, as more data has become available, our view of the structure of casein micelle has also evolved. Over the same period, several different competing models, attempting to reconcile and explain a growing body of diverse experimental observations have emerged (Dalgleish, 2011) . Despite some fundamental differences between these different models (Farrell, Malin, Brown, & Qi, 2006; Horne, 2006) , and various revisions that have been made to them over years, a strikingly common feature that has remained the same is the role that -casein (KC) plays in providing colloidal stability to casein aggregates. It is envisaged that most, if not all of KC fraction resides at the surface of casein micelles. The protein -casein lacks the necessary number of phosphoseryl groups that otherwise allow  and  casein to participate in formation of calcium phosphate bridges between these molecules. Originally proposed by Walstra (1979) , it is accepted that the function of KC is to provide sufficient steric repulsion between casein micelles to keep them well dispersed. In doing so, it prevents the aggregation of micelles and their subsequent phase separation from the milk serum. In this way milk delivers the required amount of calcium phosphate to infant through casein micelles, far in excess of what would otherwise be possible on the basis of solubility of calcium phosphate alone.
Common with other casein fractions, -casein is a proline rich, natively disordered protein with a small amount of secondary structure and no tertiary structure (Dalgleish, 2011) . In the models used in this work we shall make extensive use of this fact, essentially arguing that the presence of this small amount of secondary structure is not an essential feature necessary for the functionality of KC, at least in so far as colloidal aspects of casein micelles are concerned.
Bovine -casein comprise of 169 amino acid residues of which around 44% can be considered as being hydrophobic (Mercier, Brignon, & Ribadeau.B, 1973) . It is also a glycoprotein, with around three or four short glycosidic chains, each consisting typically of 3 or 4 sugar moieties attached to threonyl residues in positions 131,133,135 and 142, and serine one in position 141, counted along the protein backbone from its N-terminus (Swaisgood, 2003) . During renneting processes, the enzyme chymosin hydrolyses the bonds between phenylalanine and methionine residues (105-106) to split the -casein into two separate chains. The chains are thought to have distinctly different degrees of hydrophobicity. The C-terminus portion consisting of residues 105-169, the glycomacropeptide (GMP), is hydrophilic and upon renneting leaves the surface of the micelles to dissolve into milk serum.
The rest of the -casein, para--casein (PKC) made up of residues 1-105, remains on the surface of the micelles but is considered too hydrophobic to be able to provide the necessary steric forces to keep the casein micelles apart. This leads to the aggregation of the micelles and curdling of the milk; probably the most crucial step in the manufacturing of cheese. Thus, for the intact KC, it is the glycomacropeptide portion which protrudes away from the surface of micelles and leads to the repulsive interactions between the micelles as they approach each other too closely (Walstra, 1979) . It is perhaps surprising then to note that a simple count of the number of hydrophobic residues, without considering the relative degree of hydrophobicity of each, indicates a very similar proportion of such amino acids on both the glycomacropeptide (47%) and para--casein (47%) sides of KC. Therefore, GMP must owe a large degree of its hydrophilicity to the presence of sugar moieties, all of which reside on this section of -casein. Of course, glycosylation of a protein is not a sufficient condition for it to become a superior steric stabiliser, as was demonstrated recently by our SCF calculations involving protein + polysaccharide conjugates (Akinshina, Ettelaie, Dickinson, & Smyth, 2008) . Such conjugates are produced through the Maillard reaction between these two sets of biopolymers, with the view of producing better food grade emulsion stabilisers (Akhtar & Dickinson, 2007; Dickinson & Semenova, 1992) . Our calculations were performed for  s1 -casein reacting with polysaccharide chains of various lengths, attached to it at various different points along its backbone. We found that for a long polysaccharide chain, irrespective of where it was attached to  s1 -casein, the conjugate layers always provided a stronger steric interaction between two surfaces, when compared to the pure protein layers.
However, when the polysaccharide side chain was made much smaller than  s1 -casein, the results became dependent on the location of the attachment. The steric forces mediated by the conjugate were once again more repulsive if the glycosylation occurred towards either end of the protein, where  s1 -casein has its more hydrophobic sections. But more interestingly, when the attachment was made to the more hydrophilic middle part of the protein, the conjugate proved less efficient as a steric stabiliser than unmodified  s1 -casein .
Most calculations in the past, attempting to study the nature of forces mediated by KC surface layers on the surface of casein micelles, assume from the onset that the glycomacropeptide part of the KC can be modelled as a hydrophilic, homopolymer polyelectrolyte (de Kruif & Zhulina, 1996; Tuinier & de Kruif, 2002) . However, in the light of the discussion presented above, it seems useful to examine this assumption in more detail by including some of the features of the primary sequence structure of the -casein in the calculations. In one of the very few studies of this type, Mellema, Leermakers and de Kruif (1999) applied the self consistent field (SCF) approach to models of -casein and para--casein in which, the amino acid residues comprising the chains, where divided into a number of distinct groups based on their degree of hydrophobicity and their electrical charge (pK a values). As expected, the interactions provided by KC layers were found to be strongly repulsive. What was more surprising was that PKC layers also mediated repulsive forces between the micelles, although they were somewhat shorter ranged than those obtained for KC. The authors concluded that the repulsion by PKC layers was sufficient to overcome any attractive van der Waals interactions between the micelles (Mellema, et al., 1999) . We believe that this result arises due to an overestimation of the degree of surface coverage of casein micelles by KC. At the coverage level used in this work, the configuration of KC chains is highly deformed from one adopted by a single chain adsorbed/grafted on the surface (i.e. low coverage limit). The lateral excluded volume interactions between chains, causes KC to stretch away from the surface forming so called "brush" layers. In general, the overlap between two such interfacial "brush" layers produces very strong repulsion. Even when KC chains are replaced by shorter PKC ones the coverage is still high enough to lead to the formation of "brush like" configurations, and thus repulsive forces. It turns out that the nature of interactions produced by -casein layers, even on a qualitative level, is rather sensitive to the choice of surface coverage one uses. We shall discuss this point in more detail later.
Self consistent field calculations have been successfully applied to compare the configurations adopted by  s1 -casein and -casein at interfaces . The calculations predict surface density profiles for proteins in good agreement with data obtained using neutron reflectometry (Atkinson, Dickinson, Horne, Leermakers, & Richardson, 1996) .
Similarly, the results provided a clear explanation of the observed superior stability of -casein stabilised emulsions compared to  s1 -casein . Parkinson, Ettelaie and Dickinson (2005) used SCF approach to explain the observed enhancement in the steric stabilizing capacity of casein at very low surface converge, when this is combined with a thin dense layer of another protein, such as-lactoglobulin also present at the interface. Self consistent field calculations have also been used to investigate the structure of mixed protein + polysaccharide films . The work highlighted the importance of the non-uniform distribution of polysaccharide charge in the formation of true "equilibrium" multi-layers.
The study also provided an explanation of the reversal of the interfacial charge during the deposition of polysaccharide, in absence of any specific short ranged interactions between protein and polysaccharide, hitherto thought to be essential in formation of such multi-layers (Patel, Jeon, Mather, & Dobrynin, 2006) . Self consistent field calculations have also been applied to non-food related proteins such as neurofilament proteins (Zhulina & Leermakers, 2007 ).
In the following section we shall outline our SCF methodology before we describe our models for the KC and PKC. Next, we consider the interactions that are produced due to the overlap of layers of these proteins between two smooth, hydrophobic surfaces. The surfaces are also assumed to be uncharged by themselves. We stress that this is a gross simplification for the structure of the surface of casein micelles. It ignores the presence of other components, such as  and -casein, calcium phosphate particles, and not least water. Thus, the hydrophobicity of the surface of micelles is quite likely to be rather heterogeneous. There is also some evidence to suggest that the surface of casein micelle is far from being smooth (Dalgleish, 2011; Donnelly, McNeill, Buchheim, & McGann, 1984) . Even more significant is the presence of other casein fractions on the surface, which implies additional surface charges beside those arising from KC (or PKC for renneted micelles). In a more detailed model of surface of casein micelles, these extra charges have to be correctly accounted for.
However, while it is relatively easy to calculate the overall surface charge of the micelles, for example using the reported -potential values in the literature (Dalgleish, 1984) , it is not so trivial to determine how much of this charge should be attributed to -casein and what percentage is the result of other casein fractions on the surface. In the present study then we shall purely focus on the interactions that are directly due to KC or PKC and defer the treatment of some the points raised to future work. We believe that this is still a useful exercise, since in the absence of some of these additional complications, it is more revealing to compare the behaviour of -casein covered interfaces with those covered by para--casein.
In this sense the surfaces used in the present study are more representative of those for the emulsion droplets. Finally before the conclusion section, we also attempt to relate the nature of the interactions mediated by KC and PKC to different configurations that each of these proteins adopt at interfaces.
Methodology
Our SCF calculations are based on the approach originally proposed by Fleer (1980, 1982) for homopolymers and later extended to co-polymers consisting of different type of monomers (Evers, Scheutjens, & Fleer, 1990) . In this approach, the space between two approaching surfaces planar surfaces is divided into a set of layers parallel to the surface. Each layer has a thickness a 0 , where a 0 = 0.3 nm is the nominal size of the monomers, the ions and the solvent molecules. The layers themselves are further sub-divided into equal sized cells, defining an underlying lattice upon which the calculations are performed. For a cubic lattice the volume of each cell is (a 0 ) 3 . Cells are either occupied by monomer residues, belonging to KC (or PKC), by free ions or by solvent molecules. No lattice site can remain empty, thus imposing the incompressibility condition for the solution as a whole. This also implies that the total number density of all species per unit cell has to add up to exactly 1 everywhere, and that the volume fraction of each species in a layer is the same as its number density in that layer. Therefore, we shall use the term number concentration and the volume fraction interchangeably through this paper.
The central quantities in SCF calculations are a set of Green's functions, known as segment distribution functions, G c (s,z) and G n (s,z). The quantity G(s,z) represents the probability, to within a constant pre-factor, that a chain consisting of only the first s segments of KP will end in layer z. The first s monomer residues are taken from the C-terminus end of the protein for G c (s,z) and from the N-terminus end for G n (s,z). The layer number z runs from 1 to L, where La 0 is the separation distance between the two planar surfaces. The connectivity of the chains implies that two consecutive monomers s-1 and s have to either reside in two neighbouring layers or else be in the same layer. This leads to the following recurrence relation for G  (s,z):
where  is set to n or c depending on which end of the KC (or PKC) the first s residues are counted from. The parameters  -1 ,  +1 and  0 are related to the number of possible nearest neighbours that a residue can have in the layers before, after and in the same layer as itself.
For the cubic lattice used here,  -1 =  +1 = 1/6 and  0 = 4/6. A protein chain, such as PKC or KC, will consist of different types of residues. We define operators t c (s) and t n (s) such that they specify the type of monomer to which the s residue, counted from the appropriate end along the protein backbone, belongs. Obviously, t c (s) = t n (N-s+1) for any protein, where N is the total number of monomer residues comprising the chain. In principle, t c (s) and t n (s) can specify any of 20 or so different amino acid types that make up the protein chains. However, following Leermakers et al. (1996) , we classify similar amino acids into a smaller number of groups where possible, as detailed in the next section.
Another important quantity in Eq. (1) is the mean potential  i (z) acting on species i in layer z. The potential  i (z) represents the sum of interactions that a monomer of type i, located in position z, will have with other monomers, solvent molecules and ions:
(2)
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The last term in Eq. (2) arises from the presence of short ranged, nearest neighbour, interactions. The strength of such an interaction between two species of types i and j is specified through the usual Flory-Huggins  parameter,  ij. Large positive values of  ij are enthalpically unfavourable, while negative values indicate a favourable interaction between i and j. The summation j in Eq. (2), runs over all monomer kinds, ions and solvent. The possibility of any given monomer of type i situated in layer z, having contacts with monomers of type j, is related to the local density of the latter:
The quantities  j (z) and  j b in Eq. (2) denote the volume fraction of species j in layer z and in the bulk solution, respectively. The value of  j (z) = 0 for z < 1 and z > L+1 for all species j.
The weighted average < j (z)>, defined by Eq. (3), takes into account the number of possible neighbours in each layer around z. Since we shall assume that all -casein and para--casein chains always remain on the surface of the micelles (i.e. are essentially grafted), the bulk concentration of monomers belonging to these protein chains will be zero. For ions, their bulk concentration specifies the background electrolyte concentration in the solution. The protein chains, as well as ions and solvent molecules, are subjected to Brownian motion. As a result, local densities,  j (z), will fluctuate about their mean values. The mean field nature of our calculations arises from the neglect of such fluctuations. However, for relatively dense interfacial layers, this is known to be a good approximation (Fleer, Cohen Stuart, Scheutjens, Cosgrove, & Vincent, 1993; Grossberg & Khokhlov, 1994) . Furthermore, since all cells at the same distance away from the surfaces (i.e. within the same layer) are identical, the neglect of fluctuations implies that they will have exactly the same values of fields,  j (z), and densities,  j (z). Monomers and other species also interact with the planar surfaces. Again the strengths of these interactions are specified using Flory-Huggins parameters  i , where negative values indicate the tendency for a monomer species i to adsorb onto the interface.
These interactions only arise for monomers which reside in the two layers adjacent to the walls, z=1 and z=L. This is indicated in Eq. (2) through the use of Kronecker delta functions  z,1 and  z,L , where  lk = 1 if l=k, and zero otherwise.
Eq. (2) accounts for other interactions apart from the short-range nearest neighbour ones.
The electrostatic interactions between all charged species is represented by the term q i  el (z) in Eq. (2), where q i is the electrical charge of species i and  el (z) the electrostatic potential at layer z. The electrostatic potential is determined itself by the distribution of charged species
We express all charges in unit of electronic charge e, and the electric potentials in units of k B T/e, where T is the temperature and k B the Boltzmann constant. With unit of length also set to a 0 , the constant  in the above equation becomes the ratio of Bjerrum length, e 2 /(4 r   k B T), to the monomer size, a 0 . The remaining contribution to the mean fields in Eq.
(2) is a hard core potential term,  h (z), having the same value for all species. This contribution arises from the requirement that all cells should be occupied, namely   j j z 1 ) (  for every layer z, as was mentioned previously.
Once the mean field potentials are available, Eq. (1) can be used to calculate the segment distribution functions. The values for G(1,z) needed to start the recurrence depend on whether a chain is free or grafted, and for the latter case the end from which the segment distribution function is specified from. For -casein, it is the N-terminal end, i.e. the para--casein side, which needs to be taken as being grafted to the surface. For this, the first segment has to be in contact with one of the walls. Therefore
with Kronecker delta functions ensuring that for all layers not adjacent to the walls G n (1,z)=0.
For the free, C-terminus end, we simply have
The knowledge of segment distribution functions allows one to calculate various thermodynamic quantities of interest such as the free energy of the system as a function of the separation distance, d, between the plates. In particular, they also allow one to determine the volume fraction of each species in different layers, at various distances away from the surface. This is obtained through the so called the compositional law (Evers, et al., 1990; Fleer, et al., 1993) 
The (6), is twice the single chain partition function for a KC (or PKC) molecules grafted to a surface, with N being the total number of the amino acid residues making up the chain. The coverage of the surface by KC or PKC, in units of grafted chains per monomer unit area a 0 2 , is denoted by . We assume that the two approaching surfaces are identical and have the same level of chain coverage.
It is evident from Eqs. (1) and (6), that in order to calculate the segment distribution functions and the values of  j (z), one needs the mean fields,  j (z). However, as seen from Eqs. (2) and (4), the values of these fields are in turn determined by the spatial distribution of different species,  j (z), at the interfacial region. To overcome this problem then, we implement an iterative procedure in which one begins with a set of guess initial values for  j (z). Next, the segment densities that result from these initial fields are calculated. The segment volume fractions obtained are substituted in equations (4) and (2) to yield improved values for the mean fields. This procedure is repeated in the same manner until a "self consistent solution", to a desired level of accuracy, is obtained. It can be shown that the solution thus obtained corresponds to a set of density profiles that minimise the free energy of the system (Grossberg, et al., 1994) . The value of this minimum free energy is given by the following equation (Ettelaie, Murray, & James, 2003; Evers, et al., 1990; Fleer, et al., 1993) :
As before, summations over indices i and j include all species, whereas the one over index k is limited to the free species only, i.e. just ions and solvent molecules in the present system.
Extension of the method to branched polymers or polymers with side chains is relatively straightforward and has been described elsewhere (Ettelaie, et al., 2003; Fleer, et al., 1993) .
Models for -casein and para--casein
An implicit assumption in the use of SCF theory is the premise that a polymer chain is free to adopt any of the many conformations available to it in accord with the appropriate Boltzmann probability distribution. For globular proteins, this "ergodicity assumption" is known not to apply. Globular proteins, trapped in their native state, only sample a very small fraction of different possible configurations. In contrast, for "rheomorphic" proteins such as casein (Dalgleish, 2011) or denatured globular proteins, the use of SCF method is more feasible.
In order to reflect the nature of the primary sequence of -casein in our calculations we follow the approach of Leermakers et al. (1996) in dividing the amino acid residues into a few distinct groups. Although it is entirely feasible to represent each type of amino acid individually, this leads to a proliferation of parameters entering the model without providing much additional insight into the interfacial behaviour of -casein. Here, we use five groups representing hydrophobic, polar but uncharged, negative and positively charged amino acids.
The fifth group consists of histidine, which due to its somewhat different pK a is placed in a group of its own, distinct from other charged residues. A schematic diagram showing the primary sequence of -casein (Jolles & Fiat, 1979) , classified according to our five groups is illustrated in Fig. 1 . The hydrophobic, polar or charged nature of amino acids belonging to each group is specified in the model through the interactions that these have with ions, solvent and of course other groups. Thus for example, hydrophobic group (group 1) has an unfavourable set of  interaction parameters, ranging from 1.0 and 2.5 (in units of k B T), with solvent and various other charged and hydrophilic groups. On the other hand, the same group has a short range interaction with the surface indicating an adsorption energy of 2 k B T per monomer (These values are typical of hydrophobic interactions (Hunter, 1989) and as with other parameters in the model are essentially those used in similar previous studies Leermakers, et al., 1996) . A full list of all the  parameters, as well as the pK a values for the charged groups is provided in Table 1 .
The charge of ionisable groups is calculated as usual based on their pK a value and the pH of the bulk solution. When the bulk pH is close to the pK a value for a group, the charge of the species in that group can alter due to the variation of local pH close to the interface. For neutral pH, this is only significant for members of group 4, i.e. histidine. Since -casein only contains three such residues, we shall ignore this effect in our calculations. Table 1 also indicates the presence of a carbohydrate group (group 6) in the model. The glycoprotein -casein is known to contain three or four carbohydrate moieties, attached to its threonyl and the single serine residues between positions 131 to 142 (Swaisgood, 2003) . The moieties are each made up of three or four sugar groups (see Fig. 1 ). For simplicity, we shall represent all such side chains as being linear. Furthermore, due to close proximity of the attachment of the glycosidic side chains along the -casein backbone, we shall model all the carbohydrate chains as being linked to the same residue of -casein, namely residue 142. The sugar groups, comprising the glycosidic side chains, make up the monomers in group 6 of Table 1 .
The strong hydrophilic nature of these monomers is reflected by their strong affinity for solvent, as indicated by a  interaction parameter of 1 (k B T) between these and water molecules.
Other important parameters in our model are the electrolyte concentration and the degree of surface coverage by -casein chains. The volume fraction of the electrolyte was chosen as 0.0015, which is roughly equivalent to a concentration of 0.05 mol/l. This is within the range of values reported for milk. We assume that ions making up the electrolyte are symmetrical monovalent ions. Casein micelles have a rather broad size distribution with an average size of 200 nm. It has been estimated that the number of protein chains in a micelle is of the order of 10000 (Dewan, Chudgar, Mead, Bloomfield, & Morr, 1974) . Assuming that 10 to 15% of these chains are -casein, and that all these molecules are on the surface of the micelle, then for a micelle of typical size the value of the surface coverage is =0.0007 chains per monomer unit area. If instead the smallest micelles in the size range, reported to be around 80nm (Dewan, et al., 1974) , are considered then a value of 0.0045 chains per (a o 2 ) for is obtained. It is seen that even in the latter case, the estimated coverage of surface by KC chains is substantially lower than the value of =0.024 chains per (a o 2 ), used in the previous SCF study of KP and PKC covered surfaces (Mellema, et al., 1999) . We consider a value of =0.0025 chains per monomer unit area in this study. For high degrees of coverage, the chains in the interfacial layer, even for para-casein case, are in highly stretched "brush"
like conformations (Fleer, et al., 1993) . The overlap of such "brush" like layers always induces strong steric repulsion between two surfaces. This was indeed seen to be the case for the calculations of Mellema et al. (1999) . Their result showed, that at high values of , the steric repulsion produced by both KC and PKC layers was more than enough to overcome the van der Waals attraction. They also concluded that the results were not particularly sensitive to the amount of background electrolyte. This is again expected, since the stretching of chains is due to excluded volume repulsion between densely grafted chains, rather than any electrostatic repulsion between them.
Following the process of renneting, we only retain the first 105 monomers in our model -casein like chain. The position of broken peptide bond is indicated in Fig. 1 . Partial renneting is simulated by having a mixture of both PKC and KC grafted on the surface. We also investigate the importance of glycosidic side chains in provision of steric repulsion by -casein, by considering hypothetical KC chains without their carbohydrate groups.
Results and discussion
The interaction potential between two surfaces, arising from the overlap of their protein interfacial layers, is calculated by considering the changes in the free energy of the system F(r)  F(). The free energies at a separation distance of r and when the plates are infinitely apart, F(r) and F(), are obtained using Eq. (7). In practice we set F() = F(100). At a separation distance of r=100 monomer units the two interfaces are sufficiently isolated so as not to affect the adsorption behaviour of each other. Increasing r beyond this distance produces no appreciable changes in the value of the free energy of the system.
The graphs in Fig. 2 display the SCF calculated interaction potentials per unit area (in units of k B T/ a o 2 ) plotted against the distance between the two surfaces (measured in units of a o ).
The graphs are for adsorbed layers of KC, PKC, and KC without its carbohydrate side chains.
We shall refer to the latter as modified -casein (MKC). Each curve only includes the potential mediated by the corresponding protein, without the addition of other existing colloidal forces. The van der Waals interaction between the two parallel plates is displayed separately by the short dashed line in Fig. 2 , for comparison. This interaction is given by V vw (r) =  A / (12r 2 ) for two parallel plates (Hunter, 1989 ). An accurate value for the Hamaker constant, A, of casein micelles, dispersed in water, has not been determined as far as we are aware, but it is expected to be of the order of a k B T. We have taken this to be 1 k B T, similar to that for oil emulsion droplets. All the results were obtained at neutral pH and with a background electrolyte volume fraction of 0.0015. This sets the Debye length in the solution to ~ 4.5a o . Also as mentioned in the previous section, the protein surface coverage is =0.0025 chains/ a o 2 for all the three cases studied. The first obvious feature of the graphs in Fig. 2 is that at very close separation distances, the interaction potentials arising from -casein is seen to be positive. That is to say that close to the point of contact between the surfaces the interaction is repulsive. In contrast, for para--casein and modified -casein without its sugar moieties, the interactions at the same short distances are attractive. We presume that this is a reflection of the more hydrophobic nature of para--casein and that of -casein stripped of its carbohydrate side chains, where interfacial protein layers prefer to be in contact with each other rather than with the water molecules. They may also be indicative of some degree of bridging at these levels of protein surface coverage. Thus, this result seems to suggest that the glycopeptides nature of -casein is an important factor in providing the functional properties of this protein. At larger distances, the interaction potential remains repulsive for KC and continues to be strong enough to overcome the van der Waals attraction (Fig. 2) . We shall see that this is also the case at somewhat higher salt concentrations. The effects of the addition of salt on the colloidal behaviour of the system will be discussed further below.
So far the above findings are in line with the classical view of -casein as a colloidal stabiliser of casein micelles. Where our data begins to show some unexpected results is in the interaction curve obtained for the para--casein at slightly larger surface separations of r = 4.5 to 13a o . At these distances, we find that the interaction potential mediated by para--casein exhibits a repulsive energy barrier. For our model PKC, the height of this energy barrier is 0.0023 k B T/ a o 2 per unit area, occurring at r ~ 6a o . In fact, careful inspection shows that the potential curve for MKC layers also has this energy barrier, although this is considerably smaller and occurs at a slightly larger distance of r ~ 8a o . Two points are worth stressing at this stage. Firstly, the two surfaces used in our calculations have no charge of their own. The surface charge is therefore solely due to the presence of para--casein. The importance of this point will become clear shortly. The second point is that the interaction potential for PKC has a close resemblance to the combined attractive van der Waals and repulsive electrostatic potential curves seen in the classical DLVO theory of colloidal stability (Hunter, 1989) . We have not included the van der Waals forces in the graph of the potential for PKC, but such an attraction is present due to bridging or hydrophobic nature of PKC as was mentioned above. This then leaves us with a repulsive component, which from the shape of the interaction potential graph for PKC in Fig. 2 looks more likely to be electrostatic, rather than steric. To test this idea we repeat the calculations of Although between distances of r=6a o to 8a o a small energy minimum is now detectable, the interactions due to overlap of KC layers remain strongly repulsive at shorter distances. The relative indifference of this repulsive force to the presence of salt is a good indication of its steric nature. The effect of electrolyte addition is much more dramatic on interactions between PKC covered surfaces. It is obvious that more salt has all but removed the energy barrier in the PKC mediated interactions. The interaction potential due to para--casein layers is now purely attractive. Thus, unlike KC, it seems that the repulsion produced by PKC in graph of Fig. 2 has indeed electrostatic origins. Further evidence in support of this view can be obtained by considering the electric potential in the interfacial region. Graphs in Fig. 4 show the spatial variation of electric potential,  el (r), as calculated by Poisson equation
Eq. (4), with the distance away from the surface for KC and PKC covered interfaces. For the former, our calculated surface potential is around  el ~ 13 mV, slightly lower than the experimentally determined -potentials values of  to  mV, reported for casein micelles in the literature (Dalgleish, 1984; Wade, Beattie, Rowlands, & Augustin, 1996) . This is not surprising since we have not included any additional negative charges contributed by  and -casein, which of course also form part of the surface of the micelle. It is clear that the electric potential has a larger magnitude for surfaces covered by para--casein than those for -casein. More interestingly, it is seen that the magnitude of surface potential is larger for PKC than that calculated for KC. Also the sign of the surface electric potential is positive for PKC as oppose to being negative for KC. Clearly surfaces covered by para--casein seem to be more charged than those covered with -casein according to this result. In the absence of the steric repulsion by PKC, the interaction potential curve induced by the overlap of layers of this protein, show a distance dependence variation expected from a combination of an attractive force + electrostatic repulsion, as seen to be the case in Fig. 2 . Before we more closely examine the reasons for the emergence of such positively charged PKC covered surfaces, it is worth speculating on the effect that any additional surface charge from  and -casein may have on this result. Since this charge is negative, it will tend to reduce the surface potential of the interface covered by PKC, and may well even neutralise the positive charge of the surface completely. In other words, while the presence of  and -casein will enhance the electrostatic component of the repulsion for -casein covered micelles, it will have the opposite effect for renneted ones, with para--casein on their surface. This in turn should make the renneted micelles more prone to aggregation. Indeed, if the positive charge is not entirely neutralised, this might leave the interaction potential curve of Fig. 2 with a small energy barrier, not sufficient to prevent aggregation of the micelles, but large enough to account for the slow dynamics of such a process occurring during renneting.
A quick browse across the primary sequence of -casein in Fig. 1 , reveals the distribution of charged amino acid groups between the glycomacropeptide part and the para--casein side of the KC to be quite uneven. More specifically, the majority of positively charged residues, including all the histidine ones, reside on the para--casein part of the protein. The presence of positive N-terminus on the para--casein side and negatively charged C-terminus on glycomacropeptide only serves to further exaggerate this asymmetrical distribution of charge along the -casein backbone. To demonstrate the effects of this uneven distribution of positively charged groups, we have calculated the charge of the residues in each group, at several different pH values, using their corresponding pK a as given Table 1 . The total charge for KC and PKC chains are then calculated from the number of different types of residues that comprise each of these proteins. The variations of charge with pH, for both KC and PKC portion of the chain, are plotted together in Fig. 5 . At neutral pH, -casein is negatively charged with a pI = 5.6, in excellent agreement with experimental results. At the same pH = 7, para--casein part of the protein is positively charged with a charge that is actually higher in magnitude than that of -casein itself. The charge of the para--casein, at pH=7, is actually one electronic unit less than that in Fig. 5 (i. e. then the PKC portion of -casein). This is due to the formation of a new negatively charged C-terminus, following the breakage of the peptide bond by chymosin, between residues 105 and 106. The renneting then causes a large portion of negatively charged residues of -casein to be removed, as the detached glycomacropeptide leaves the surface of the micelles. But for the presence of additional negative charge, contributed by other casein fractions, the para--casein covered surface would be positively charged. This is the case in our calculations, where in the absence of these other contributions, the positive charge on the surface leads to a sufficient amount of electrostatic repulsion, responsible for the presence of the energy barrier seen in Fig. 2 .
Much insight can be gained on the conformations adopted by polymer chains by considering their volume fraction profile and the average distance of their monomers away from the interface. Self consistent field calculations, using very similar parameters to those used here, have confirmed the anticipated diblock type behaviour for -casein Leermakers, et al., 1996) . Similarly, a s1 -casein adsorbed at a hydrophobic interface has been shown to adopt a triblock configuration, with a middle loop section that protrudes away from the surface the two end parts that remain close to and lay relatively flat on the interface . It is interesting then to see what type of configuration is predicted by our calculations for casein, grafted to the hydrophobic interface considered in this study. In Fig. 6 we have plotted the volume fraction of KC, PKC and -casein without its sugar moieties (MKC), as a function of the distance away from the surface. Not surprisingly the volume fraction of the shorter para--casein is smaller than the other two proteins and it drops to zero at a distance of 3.5a o . The volume fraction of MKC is identical to that of KC for the first few layers next to the interface. The carbohydrate side chains on -casein only affect the volume fraction of the chains at distances further away from the interface. Although the volume fraction of both KC and MKC drop rapidly as one moves away from the surface, at a distance of 3a o it is seen to be twice as high for KC as for MKC. At a distance of 4a o the ratio is even larger, at just over three. We conclude that the higher concentration of protein at a distance of a few layers away from the surface is clearly due to its sugar moieties. This again points to the important contribution that the carbohydrate part of the protein plays in providing the functional behaviour of -casein. That the outer part of the "hairy" -casein layer consists of these carbohydrate moieties is best demonstrated by the graph of Fig. 7a . In Figs. 7a and 7b , we have plotted the average distance away from the surface for each of the amino acid residues comprising the chains.
The monomers are ranked 1 to 169, counting from the N-terminus side. While in Fig. 7a we show the result for KC, Fig. 7b displays this for MKC where the side chains have been deliberately removed. It is clear that the most extended part of the -casein is the section attached to the carbohydrate moieties. The inset in Fig. 7a shows a magnified version of the graph involving this section of the chain. In both the inset and the main graph itself we have also included the average distance from the surface for the sugar moieties comprising the side chains. This is represented by the dashed line. As mentioned before we model these side chains as four linear chains, each made of four sugar groups, all attached to the residue 142 of the -casein chain. For a real chain we expect the extension into the solution to be slightly less, but involving a slightly larger portion of the backbone, from residue 131 to 142, since the sugar moieties are distributed at different points along the chain in this section of the protein. Graph of Fig. 7b is even more revealing. It is clear that without these carbohydrate monomers, no clear part of the MKC can be identified as really extending into the solution.
Even in the presence of these side chains, we find that the -casein has a conformation that can hardly be considered as being a diblock. Whereas similar calculations for -casein have shown that one side of this protein extends well away from the wall, thus forming a tail Leermakers, et al., 1996) , this is clearly not observed for -casein. Perhaps, considering the fact that the percentage fraction of hydrophobic residues on both PKC and glycomacropeptide sides of KC are roughly the same, this is not all that surprising.
Evidently -casein is not as good an emulsifier or steric stabiliser of oil emulsion droplets, at least in comparison with the other two casein fractions. Yet on the surface of micelles, it forms a hairy surface layer which is extremely effective in establishing the desired colloidal stability of the casein micelles. From the above results, we have seen that on hydrophobic surfaces with no charge of their own, -casein has a conformation that does not match the anticipated one where one end of chain forms a tail sticking away from the surface. The thickness of the "hairy" layer we predict here is also much smaller than the reported data, putting this as much as 5nm. Can such a configuration then arise on the surface of the micelles? We believe the answer to be yes, given the uneven distribution of the charge of -casein. Recently, in an unrelated study, we have considered the effects of the heterogeneous distribution of the charge of polysaccharides on their adsorption behaviour in mixed interfacial layers of protein + polysaccharide (Ettelaie, Akinshina, & Maurer, 2012) . It was found that polysaccharides with short negative highly charged sections and longer lightly charged parts formed a significantly more extended interfacial layer, compared to chains with a uniformly distributed charge along their backbone, when adsorbed on top of a positive protein layer. The heterogeneously charged polysaccharides had their lightly charged tails protruding far into the solution, away from the wall. There is some analogy with this situation here. As we have seen from Fig. 5 , the distribution of the charge is not symmetrical for -casein, with a more negative charge located on glycomacropeptide, leaving the para--casein side of the molecule more positive at neutral pH. If the surface of the micelle already possesses some negative charge arising from other casein fractions, it will tend to repel the glycomacropeptide part of KP, while at the same time it will attract the positively charged para-casein end. This then should lead to the same type of extended interfacial layers we had observed for the non-uniformly charged polysaccharides (Ettelaie, et al., 2012) .
Currently SCF calculations, involving -casein grafted to surfaces carrying a negative charge, are underway to test this idea. Fig. 2 show the interaction potentials mediated by KC and PKC, i.e. at the start and at the end of renneting process. In Fig. 8 the potential curve develops a small minimum. Nevertheless, at very short plate separations the interaction is still strongly repulsive. As the renneting progresses further to 40%, the depth of the minimum in the potential energy becomes more pronounced. At 60% renneting the interactions are now attractive close to the point of contact between the two plates. We suspect that at this point the net negative charge of remaining KP chains and the positive charge contributed by renneted PKC molecules produce an almost neutral surface. With even more renneting (see Fig. 8 , the 80% graph), the surface begins to become positively charged.
Graphs in
Although at short separations the forces are strongly attractive, the presence of a net charge on the two surfaces produces an energy barrier in the interaction potential curve at larger distances, as has been discussed before. The transition from a repulsive to an attractive interaction, at close plate proximity, occurs at just over 40% renneting in our model system.
Experimental results put this value at 80% (Brulë, Lenoir, & Remeuf, 2000) and in some cases as high as 95%. However, it turns out that the percentage value for the renneting at the transition point is a very sensitive function of -casein surface coverage. For example, at a value of =0.0032 chains per monomer unit area, our calculations already provide a percentage value of ~ 87% for the transition, not far from the experimental data reported by Dalgleish (1979) . At much higher values of  no transition is obtained at all and the interactions remain repulsive even when all of the KP chains are replaced with PKC. Indeed, this was the limit at which Mellema et al. (1999) had carried out the first study of -casein covered surfaces using SCF method. Our calculations, performed at a degree of coverage =0.01 chains/a 0 2 , demonstrates this point rather clearly. The results are presented in Fig. 9 .
The value of  used is still only half as much as the one assumed by Mellema et al. (1999) , but even at this level of coverage, the steric repulsion forces generated by both KC and PKC layers completely dominate over the van der Waals attraction between the hydrophobic surfaces. The van der Waals interaction is included in Fig. 9 on a separate graph, represented by the short dashed line, for comparison. At these values of , both types of layers involve highly extended protein chains in the so called "brush" type conformations. Overlap of such layers is known to lead to very strong steric forces and this is clearly being manifested in the interaction curves of Fig. 9 .
Summary and conclusions
Self consistent Field calculations, comparing the forces mediated by overlapping layers of -casein and para--casein on two approaching hydrophobic surfaces, show that at close separations the interactions due to -casein (KP) are repulsive whereas those involving para--casein (PKC) become attractive. The calculations were performed at neutral pH and at electrolyte concentrations typical of those in milk, with the -casein surface coverage estimated to be that on the surface of casein micelle. At larger separation distances, the interaction potential curve for PKC exhibits an energy barrier, very similar to those seen from a combination of electrostatic repulsion and an attractive force, as for example in DLVO theory of colloidal stability. The electrostatic origin of this energy barrier was demonstrated by studying both systems at higher salt concentrations. With a higher background electrolyte, the energy barrier all but disappears leaving the para--casein mediated interaction purely attractive. For -casein, the range of interaction decreases upon the addition of salt, but the interaction remains essentially repulsive. This tends to point to a strong steric component to the forces produced by -casein layers. It is found that the distribution of charge on -casein chains is quite asymmetrical. While the protein is overall negatively charged at neutral pH, para--casein side of the molecule (residues 1-105) is positively charged, with most of the negative charge of the -casein residing on the glycomacropeptide side. Otherwise neutral surfaces, covered with KP become negatively charged. This contributes to the repulsion, but the effect is relatively small and masked by the stronger steric component. For para--casein, produced during renneting, the surfaces become positively charged. However, in this case the steric repulsion is very small or non-existent, and there is more attraction due to bridging as well as the more hydrophobic nature of PKC. Here the electrostatic component is the only real contributor to the repulsive force, which manifests itself in the salt sensitive energy barrier we find in the interaction potential curves for para--casein. The importance of glycopeptides nature of KP in provision of this steric interaction was demonstrated by considering forces produced by a modified -casein (MKC), in which we had removed the carbohydrate side chains of the protein while maintaining all the amino acid residues. The interactions were seen to become attractive without the presence of sugar moieties.
We believe that the uneven nature of the charge distribution along the -casein has important implications for the behaviour of this protein on interfaces. Our results, involving the calculation of the average distance of each monomer along the protein away from the surface, shows -casein to lie rather flat on uncharged hydrophobic surfaces. While the carbohydrate side chains and the parts of KP around these moieties do protrude away from the interface, to an extent that is enough to provide some degree of steric repulsion, the conformation of -casein is far from the ideal diblock configuration one predicts for -casein, using this very same type of calculations. We have not observed a tail end of -casein sticking away from the surface, and the extent to which the protein protrudes away from the interface is found to be much smaller than that reported in the literature. As an emulsifier and steric stabiliser of emulsion droplets, -casein is known to be less effective than -casein, and even  s1 -casein. Uncharged hydrophobic surfaces used in our calculations are in some respect closer to the surface of these oil droplets. The question then is what turns -casein into such a good stabiliser of casein micelles when present on the surfaces of these particular particles. It is clear that this cannot be purely due to the hydrophobic or hydrophilic nature of para--casein side and glycomacropeptide part of the chain. If it was, then -casein would be expected to be almost as good a steric stabiliser on the surface of oil droplets as is -casein, taking up the ideal diblock type configuration on the surface of the droplets. Our calculations suggest that the asymmetrical distribution of charge, hitherto not accounted for in the conventional "hairy" -casein layer models (Walstra, 1990) , may be just as important in determining the functional behaviour of -casein.
Casein micelles have additional negative charges on their surface arising from other casein fractions beside -casein, at neutral pH. Therefore the surface will tend to attract the positively charged side of the -casein (i.e. the para--casein side), making it lie flat at such interfaces. In contrast the negative side, the glycomacropeptide side will be repelled and as a result will protrude into the solution far more than it will otherwise do if on an uncharged surface. This gives rise to the diblock type configuration for -casein one expects and results in the strong steric forces between the micelles. Without the glycomacropeptide side of course, the positively charged PKC by itself lies too flat on the surface to provide any steric repulsion. There is an implication for electrostatic forces too, though overall this is a less significant component of repulsive interactions. At pH of milk, the additional negative charge provided by other casein fractions, reinforces the net negative charge of -casein on the surface, thus enhancing the electrostatic component of repulsion. On the other hand, the positive charge of para--casein only serves to reduce the overall surface charge, partially neutralising some of the charge arising from the other casein fractions. Thus renneting reduces both steric and electrostatic components of the repulsive force. Currently our SCF calculations, reported in this paper, are being extended to charged surfaces in order to examine the above scenario. Initial results do provide tentative support for the proposed picture. In the meantime, experimental work involving -potentials measurements of partially renneted -casein covered oil droplets, with no inherent charge of their own, should provide the most direct test of our results so far. Waals interaction has also been included for comparison (short dashed line). The results are calculated at the same conditions as the systems in Fig. 2 . Fig. 7 . The average distance away from the surface for each of the amino acid residue of the -casein, residing on a hydrophobic interface. The residues are numbered 1 to 169, starting from the N-terminus end of the protein. Fig. 7a shows the results for the full -casein with its sugar moieties included. The positions of these moieties are indicated by the dashed line. Fig. 7b displays the same data but for modified -casein without its carbohydrate side chains.
Figure captions
Both results were obtained at neutral pH and a salt volume fraction of 0.0015. The graphs are to be compared with those obtained by for  s1 -casein and -casein, using a similar method. Fig. 9 . The same graphs as those in Fig. 2 , but now at a higher surface coverage of =0.01
chains per monomer area. The graphs show that at this level of surface coverage, the interaction potentials for both -casein and para--casein are strongly repulsive. 
